The Ofunato Bay in Iwate Prefecture, Japan is a deep coastal bay located at the center of the Sanriku Rias coast and considered an economically and environmentally important asset.
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Considering its economic and environmental importance, the Ofunato Bay has received much attention, and there has been continuous monitoring of its seawater quality parameters by organizations including the Japan Aerospace Exploration Agency and Iwate Fisheries
Technology Center. The Ofunato Bay receives water from multiple sources, including the Sakari River, surface run-off from agriculture and industrial activities and the Sakari Wastewater Treatment Plant. Due to the calm nature of the bay, human settlements flourished near the bay in the past, and industrial activities, e.g., cement factories, were established.
After 2011, new safety measures against tsunamis in the bay entrance and surrounding areas were taken by the government, and these changes are likely to increase human activities around the bay, thus leading to demographic changes (Cyranoski, 2012) , which in turn may enhance run-off from households and wastewater plants and increase the internal load of nutrients in bay sediments. There have already been reports of frequent toxic dinoflagellate blooms in the Ofunato Bay (Ogata et al., 1982; Sekiguchi et al., 1989; Natsuike et al., 2014) , primarily due to stratification and eutrophication (Ogata et al., 1982; Sellner et al., 2003) .
Water quality monitoring data over the last 20 years suggests dynamic changes have occurred in this valuable water resource, with depletion of dissolved oxygen near the bottom in summer (attributed to heavy biodeposition of organic matters from upper layers) and little exchange of seawater in strongly stratified bottom layers (Hayakawa et al., 2001) . Several studies have provided insights on the planktonic populations of the bay (Ogata et al., 1982; Sakamoto et al., 1992) , but detailed analyses on the associated microbial communities of the Ofunato Bay and their functions remain unreported. Additionally, the effect of human activities on the aquatic ecosystems (Oh et al., 2011; Ghai et al., 2012) requires close monitoring of the bay, particularly on its community structure, so that the sustainability of its fisheries and aquatic resources can be ensured.
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Metagenomics has become the tool of choice that elucidates in-depth taxonomic profiles and functions of planktonic, bacterial, and viral communities while shedding light on interactions among community members (Kunin et al., 2008) . Several metagenomic studies have demonstrated insights on the taxonomic diversity of microbial communities in marine and freshwater ecosystems from different parts of world (Venter et al., 2004; Rusch et al., 2007; Ghai et al., 2012; Grzymski et al., 2012; Ganesh et al., 2014; Brown et al., 2015) using direct metagenomic sequencing/whole genome sequencing (WGS) and amplicon-based metagenomic sequencing, with the former being able to retrieve microbial community composition more accurately (Shah et al., 2011; Logares et al., 2014) . Additionally, the mining of WGS datasets for 16S rRNA is possible, which is free from common biases resulting from classical 16S rRNA amplification and cloning (Acinas et al., 2005; Temperton et al., 2009 ) used in taxonomic analyses, and this approach has been used successfully to elucidate microbial functions related to biogeochemical cycles of the ecosystem (Pfister et al., 2010) . Due to the unavailability of information on microbial diversity and related functions in the Ofunato Bay, this study provides a comprehensive understanding of the ecosystem and function of microbes within the environment using a WGS approach and reports metagenomic analyses of the Sanriku Rias Coast for the first time.
Materials and methods
Sampling sites
The study area is in the Ofunato Bay, Iwate Prefecture, Japan. To comprehensively cover the total length of the bay, we selected three sampling locations for seawater samples: KSt. 
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A C C E P T E D M A N U S C R I P T 7 3 are in the northeast (viz. inner part) and southwest (viz. bay entrance) part of the bay, while KSt. 2 is at the center of the bay and close to oyster culture facilities.
Sample collection and processing
Seawater sampling was carried out in January 2015 during the winter season, and samples were collected using a vertical water sampler at a 1 m depth from the surface. No specific permits were required for sampling, and the study did not involve any endangered or protected species. Approximately 8 L of seawater was pre-filtered through a 100-μm filter to remove debris and was transported to the laboratory at Sanriku Coastal Education and
Research Center, Kitasato University School of Marine Biosciences, Ofunato, Iwate
Prefecture, under refrigerated condition (~4 °C) for processing. Corresponding seawater quality parameters, including temperature, salinity and dissolved oxygen (DO), were also measured on site using an AAQ-RINKO AAQ176 (JFE Advantec Co. Ltd., Hyogo, Japan), and these properties are described in Supplementary Table S1 . Of the collected seawater, 250 ml was used for nutrient and chlorophyll a (chl-a) measurements, and the remainder was filtered sequentially through 20-µm pore sized Nylon Net Filters NY20 with a 47-mm diameter (Merck Millipore Ltd., Tullagreen, Ireland) and through 5-, 0.8-and 0.2-µm pore sized Isopore Membrane Filters, 142 mm in diameter (Merck Millipore Ltd.), using a peristaltic pump (Masterflex L/S, Cole-Parmer International, IL, USA). To minimize disruption of soft-bodied protists and other picoplankton, we maintained a low pump speed of 30 -40 rpm. After filtration, all filters were stored at -80 °C until DNA extraction.
DNA extraction and shotgun metagenomic sequencing
Genomic DNA was extracted from 0.2-µm filters using the PowerWater® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA) following the manufacturer's
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Sequence processing and analyses
Illumina paired reads for each library were first joined by overlapping forward and reverse reads of the same DNA fragment (paired-end sequences) using the software FLASH (Magoc and Salzberg, 2011) with default parameters (overlap minimum, 10 nt; maximum allowed ratio between the number of mismatched basepairs and the overlap length, 0.25). Quality filtering of these WGS reads was then performed by removing reads <50 bp and quality trimmed to Phred 20 using the Genomics Workbench (CLCbio, Cambridge, MA). BLASTn was performed locally on a server at the Sagamihara campus in the Kitasato University School of Marine Biosciences, Kanagawa Prefecture, using the quality-and size-filtered sequences against the NCBI-nt reference database. Taxonomic analysis to the species level was then performed using MEGAN v5. were considered for determining the minimum percent identity >95%. The best-named hit to the metagenomic rRNA sequence was used to assign the sequence to a high-level taxonomic group as described by Ghai et al. (2011) .
Results and discussion
Characteristics of the metagenomic datasets
Using a shotgun metagenomics approach, we obtained sequence data from the 0.2-µm filtered materials for all three sampling stations of the Ofunato Bay. Because our primary target was to conduct a taxonomic survey of free-living picoplankton population of the bay, we disregarded the particle-associated fractions of 5.0-and 0.8-µm filter datasets and only included datasets for the 0.2-µm filter fraction for this study. The sequence data contained 0.93 -1.22 M sequences per sample (934,064 -1,225,081 bp per sample), and the post-QC sequence length after joining overlapping forward and reverse reads ranged from 50 -592 bp (mean length, 313 bp) ( Table 1) . These WGS datasets have been registered into the DDBJ database under the accession number DRA005744. The number of sequence reads resulting from WGS dataset mining for the 16S rRNA genes was 2,028 -2,705, which accounted for 0.16-0.17% of the corresponding WGS datasets ( Table 2) .
As the GC content of metagenomic dataset is a useful parameter to discriminate populations (Kunin et al. 2008) and is regarded as characteristic to a specific habitat, we calculated the GC signatures of WGS metagenomes of the Ofunato Bay for surface water collected from three stations. It was found that they exhibited a unimodal GC distribution with a single distinct peak at ~35%, typical for marine metagenomes (Ghai et al., 2011 (Ghai et al., , 2012 (Fig. 2 ).
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This pattern among three sampling stations also coincides with seawater salinity across the Ofunato Bay, which ranged from 32.9-33.6 psu during the sampling period, and preliminarily indicates closely related communities across three sampling stations (Ghai et al., 2012) .
Taxonomic diversity of the Ofunato Bay
The metagenome sequences were largely dominated by bacteria, as shown by the analysis of both the shotgun metagenomics (69.5 -79.7%) and the 16S rRNA (90.3 -91.9%) reads recovered from the metagenomic data (Supplementary Figure S1 ). Archaeal sequences, on the other hand, accounted for 3.8 -4.5% and 1.1 -2.5% of the WGS and 16S rRNA reads, respectively. Interestingly, 1.1 -1.4% WGS sequences were assigned to viruses, and it was also possible to identify eukaryotic sequences between 15-25% using the same approach.
Few eukaryotes and no viruses were detected in the 16S reads. A similar pattern of organism domain assignments in shotgun metagenomic datasets has been reported by others (Debroas et al., 2009; Ghai et al., 2012; Jordaan and Bezuidenhout, 2013) .
The taxonomic profiles of major bacterial phyla based on shotgun metagenomics and 16S rRNA reads recovered from the metagenome data were similar (Fig. 3) . The most frequently recovered bacterial sequences detected by both the WGS and 16S approaches belonged to the Proteobacteria (Alpha, Beta and Gamma), followed by Bacteroidetes, collectively accounting for ~85% of all bacterial reads by both approaches (Supplementary Tables S2 and S3 ). Other phyla simultaneously detected include Firmicutes, Actinobacteria, Cyanobacteria and Tenericutes, consisting of ~1% by read counts. Although the classification of 16S rRNA datasets recovered from WGS is considered to be advantageous over that of WGS data itself (primarily because it is free from PCR-related biases), the former approach sometimes detects a lower number of bacterial genera in the metagenome (Brown et al., 2015) . We observed major differences between these two approaches for 5 bacterial phyla (Aquificae,
Deferribacteres, Planctomycetes, Thermodesulfobacteria and Thermotogae) and 1 archaeal phylum (Thaumarchaeota) that were detected in WGS but absent from the 16S library (Fig.   3 ). The abundance of these differentially detected phyla in WGS datasets accounted for ~7% of all bacterial and archaeal reads, with Thaumarchaeota alone contributing ~6% in terms of read number.
Proteobacteria:
Proteobacteria formed more than half (60.3 -61.8% of WGS reads and 68.5 -71.2% of 16S) of the community in the Ofunato Bay (Fig. 3) .
Alphaproteobacteria:
Both approaches confirmed the presence of large numbers of Alphaproteobacteria (50% of all WGS reads and 40% of all 16S) in the Ofunato Bay, and we observed that the most abundant taxa within this group was Rhodobacteraceae. Sakami et al. (2016) also reported a high abundance of Rhodobacteraceae in the Sendai Bay, which is located within 200 km of Ofunato Bay. In the WGS analysis, the most numerous genus in the Rhodobacteraceae was Planktomarina (Supplementary Table S2 ), which is regarded as the largest member of the marine Roseobacter clade-affiliated (RCA) cluster distributed widely in the temperate and sub-polar waters (Buchan et al., 2005; West et al., 2008; Giebel et al., 2009) . Planktomarina has the unique ability to oxidize carbon monoxide (CO) as a source for energy and aerobic anoxygenic photosynthesis (AAnP) achieved by harvesting light via bacteriochlorophyll a (BChla) without CO 2 fixation. This free-living bacterioplankton plays a major role in the ocean biogeochemical cycle by processing multitude of organic compounds, particularly during phytoplankton blooms (Brinkhoff et al., 2008; Voget et al., 2015) . Yamada et al. (2012) reported that in the Ofunato Bay, phytoplankton blooms generally occur during spring.
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Our sampling was conducted during winter and in the present study; we observed no apparent phytoplankton bloom in the Ofunato Bay, and the abundance of Planktomarina ranged from 18.0-19.6%, which is in line with abundances reported by other studies (Giebelet al., 2011; Voget et al., 2015) . The second most dominant bacterial genus identified by WGS analysis in the Ofunato Bay was Candidatus Pelagibacter, an abundant member of the SAR11 clade in the class Alphaproteobacteria. These are extreme oligotrophs and are unculturable bacteria.
Many research groups tried to isolate these bacteria, and Rappé et al. (2012) obtained
Candidatus Pelagibacter ubique as a culturable strain on a defined, artificial medium; it was found that Candidatus Pelagibacter ubique has a smaller genome (1,308,759 bp) than other free-living organisms with proteorhodopsin genes related to light-mediated proton pumps. In this study, we found that Candidatus Pelagibacter ubique comprised a substantial percentage Other alphaproteobacterial members represented by read counts greater than 1% in WGS analysis included Bartonella, Octadecabacter and Roseobacter. Bartonella are facultative intracellular bacteria, opportunistic pathogens and sometimes bacteremic for many warmblooded animals, including rodents and ruminants (Jerris et al.1996; Breitschwerdt et al. 2000; Dehio et al. 2004) , suggesting them to be of terrestrial origin rather than marine. It is conceivable that Bartonella drifted down the river from terrestrial sources. The mountainous forests in the Iwate Prefecture in Japan are highly populated with Japanese sika deer (Cervus
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13 nippon), which are reported to harbor several Bartonella species with infection rates as high as 41.5% (Sato et al., 2012 (Shiba, 1991) . They have lived as free-living, particle-associated or in commensal relationships with marine phytoplankton, invertebrates, and vertebrates. As we used an isolation protocol to select for free-living organisms, only free-living Roseobacter was obtained in this study.
Betaproteobacteria:
Members of the Betaproteobacteria were detected in low abundance in the Ofunato Bay and are mainly regarded as freshwater bacteria that are relatively scarce in the marine environment (Ghai et al., 2012) . The most abundant member of this group was Candidatus Kinetoplastibacterium followed by Polynucleobacter (Supplementary Table S2 free-living bacteria and are abundant in freshwater systems such as lakes, ponds, and streams (Hahn et al., 2009 ). It appears that these microorganisms have been washed away in the Sakari River along with the rainwater, where like the free-living Alphaproteobacteria, they showed a relatively higher abundance at KSt. 1 and lower abundance at KSt. 3.
Deltaproteobacteria:
Members of the Deltaproteobacteria were also detected in low abundance in the Ofunato Bay, and the genus Bacteriovorax is present in only 0.1% of the WGS reads (Supplementary Table   S2 ). The genus Bacteriovorax is a predator that feeds on larger bacteria (Baer et al., 2000) .
Bacteriovorax has similar morphological and lifestyle characteristics as Bdellovibrio (Baer et al., 2004) , suggesting that the genus Bacteriovorax is one of the consumers in the food chain of the Ofunato Bay.
Epsilonproteobacteria:
Members of Epsilonproteobacteria were also detected in low abundance in the Ofunato Bay, with the genus Arcobacter representing approximately 0.3% of all WGS reads. The genus
Arcobacter inhabits various environments, and some species can be human and animal pathogens (Miller et al., 2007) . They are aerotolerant like Campylobacter, but Arcobacter species can grow at lower temperatures than Campylobacter. It seems that Arcobacter is adapted for life in the Ofunato Bay.
Gammaproteobacteria:
The most dominant Gammaproteobacteria member detected in the Ofunato Bay was Buchnera, represented by read counts greater than 0.5% in WGS analysis (Supplementary
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15 Table S2 ). Buchnera is a close relative of Escherichia coli (Baumann et al., 2000) and a primary endosymbiont of most aphids (Munson et al. 1991; Nakabachi et al., 2005) , where aphids developed bacteriocyte cells to host Buchnera. Reproduction of Buchnera is host dependent, being transmitted maternally to eggs and embryos through host generations, and is contained within the bacteriomes (Shigenobu et al., 2000) . Considering the absolute dependence of Buchnera on their host, and our findings of their slightly higher relative abundance in KSt. 1 compared to other two sampling stations, we conclude that they originated from the surrounding mountainous areas of the Ofunato Bay, drifted down the river and found their way into the bay. Other members of this group, represented by read counts below 0.5% relative abundance, included Shewanella, Alteromonas and Francisella.
Shewanella are distributed in the tropical marine environment and can utilize electron acceptors under anaerobic conditions . Alteromonas are also typical marine bacteria found in the coastal waters (Baumann et al., 1972) and considered as decomposers in the food chain. These group members are generally available in nutrient-rich aquatic environments (Hicks et al., 2000; Nealson and Scott, 2003) , and their availability in the Ofunato Bay appears to be linked with high nutrient content and primary productivity.
Francisella, on the other hand, are iron-dependent facultative intracellular parasites of macrophages Sullivan et al., 2006) . Their presence in the Ofunato Bay suggests that they were leaked out from macrophages, as we used bacteria isolation protocol to select for free-living organisms only.
Bacteroidetes:
Bacteroidetes were the second most abundant bacterial phylum detected in the Ofunato Bay, and the taxonomy assignment included a diverse clade including Polaribacter (3.5-6.1%),
Flavobacterium (1.8-2.6%), Sphingobacterium (1.4-1.6%) and Cellulophaga (1.4-2.0%).
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Polaribacter are non-motile rods isolated from sea ice, water and soil from temperate regions (Fukui et al., 2013; Xing et al., 2015) and belong to the family Flavobacteriaceae. These bacteria have been reported to be prevalent in the Arctic Sea, and their abundance in the Ofunato Bay suggests that Polaribacter drifted here by the Oyashio current. Indeed, their abundance was higher near the mouth of the bay (6.1% of assigned WGS reads at KSt. 3) and probably linked to enhanced mixing of seawater between the inside and outside of the bay (Yamada et al., 2017) , which gradually declined towards the inner part (4.7% at KSt. 2 and 3.5% at KSt. 1). BLASTn and MEGAN analyses revealed Polaribacter sp. MED152 to be the major species of this genus that possesses proteorhodopsin and genes for attachment and polymer degradation, suggesting their ability to utilize solar energy and maintain survival even under low-nutrient conditions (Gosink et al., 1998; González et al., 2008) . Other genera of the phylum Bacteroidetes detected in the Ofunato Bay perform variety of important ecological functions, including degradation of proteins and polysaccharides and turnover of organic matters (Cottrel and Kirchman, 2000) .
Actinobacteria:
Actinobacteria are generally highly abundant in both marine and freshwater communities. In the present study, we observed that 1.5 -2.1% of WGS reads and 0.8 -0.9% of 16S reads were assigned to Actinobacteria. The most dominant genus in this group was Candidatus Actinomarina, the smallest known free-living cells described to date (Ghai et al., 2013) . They are widely distributed in the photic zone of oceans in temperate and tropical regions, and with the presence of rhodopsins, perform photoheterotrophic metabolism to thrive in the complex aquatic environment (Ghai et al., 2013) .
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Cyanobacteria:
Cyanobacteria generally forms a significant part of the marine picoplankton community, particularly on the surface, and in our study, 0.8-1.2% of WGS reads were assigned to the Cyanobacteria. Taxonomy based on 16S reads, however, revealed little or no Cyanobacteria in Ofunato Bay. This is possibly related to the fact that half of the bacterial 16S sequences (47.5-56.3%) remained unclassified using this approach. The WGS metagenomics data strongly indicated the presence of Cyanobacteria, where the top organism identified was Synechococcus, followed by Prochlorococcus and Nostoc (Supplementary Table S3 ). In aquatic environments, Synechococcus and Prochlorococcus are important contributors of primary production (Palenik et al., 2003; Ghai et al., 2012; Brown et al., 2015) , and in environments where Synechococcus and Prochlorococcus are simultaneously present, the former alone contributes to the primary productivity (Ghai et al., 2012) . These results suggest that members of the Cyanobacteria are important producers in the food cycle of Ofunato Bay.
Archaea:
From the metagenomic datasets, it was possible to identify archaeal sequences using both WGS and 16S analyses, and we found that they accounted for 3.8-4.5% and 1.1-2.5% of all assigned reads in WGS and 16S approaches, respectively (Supplementary Table S2 ).
Nitrosopumilus was the most dominant genus in the group (4.2 -4.8% in the WGS and 1.1 -2.6% in the 16S library) (Supplementary Tables S2 and S3 ), which is regarded as an important member of the Marine Group I Archaea and is capable of oxidizing ammonia at even extremely low concentrations (Martens-Habbena et al. 2009; Walker et al. 2010 ).
Ammonia concentration varies in natural environments, and open oceans have relatively low amounts. Since ammonia-oxidizing Archaea such as Nitrosopumilus are able to thrive under limited nutritional conditions, their mechanisms of highly specific ammonia oxidation rates at ACCEPTED MANUSCRIPT
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18 very low ammonia concentrations and autotrophy are thought to play an important role in global biogeochemical cycles (Konneke et al., 2005; Schleper et al., 2005; Francis et al., 2005) . Indeed, the ammonia concentrations of the three sampling stations in the Ofunato Bay ranged from 1.2 -1.5 µmol/l at the time of sampling (Supplementary Table S1 ), which is equivalent to those of open oceans (Martens-Habbena et al., 2009 ). As we observed that the relative abundance of Nitrosopumilus did not vary significantly across the three sampling stations under investigation and ammonia concentrations had a steady range below 10 µmol/l, we predict that ammonia concentrations determine their growth and abundance, as reported previously for marine and coastal sediments (Park et al., 2010; Verhamme et al., 2011) . Other
Archaea genera detected at a read cutoff of ≥20 included Methanococcus and
Methanobrevibacter (Supplementary Table S2 ), both of which are methanogens that recycle hydrogen by combining it with carbon dioxide to produce methane (Haney et al., 1999; Samuel et al., 2007) .
Eukaryotes:
Eukaryotes accounted for 8.8 -15.2% of the WGS and 2.2 -3.9% of the 16S metagenomic reads from the three sampling stations in the Ofunato Bay (Fig. 3) . Taxonomic profiles for eukaryotes using both approaches were similar. It was observed that Bathycoccus, Ostreococcus and Micromonas were the major eukaryotic genera having read counts greater than 1% of total reads in WGS datasets, while Dinophysis was the major genera in the 16S datasets. In the WGS datasets, the three photosynthetic picoplankton genera formed the majority (~85%) of the eukaryotic community in Ofunato Bay and are considered to be the major producers in the oceanic food webs, contributing up to as much as 68% of the total primary production (Li et al., 1993; Vaulot et al., 2012 ) linked primarily to their larger biomass (cell size <2 -3 µm) and higher growth rates (Worden et al., 2004) . Bathycoccus,
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A C C E P T E D M A N U S C R I P T particularly during and just after the deep winter mixing period (Treusch et al., 2012) . In the Ofunato Bay, water mixing occurs during November through January (Yamada et al., 2017) , and as our samples were collected at the end of mixing period, further analyses using samples collected after that period may confirm phytoplankton blooms and related changes in the planktonic community.
Viruses:
Viruses generally represent a small portion of the marine community, and in the present study, we observed Prasinovirus to be the most abundant viral genus, accounting for 0.6 -0.8% of WGS reads. Prasinovirus are known as phycodnaviruses, as they use algae as hosts (Marin and Melkonian, 2010), and they have been shown to have important roles in microbial mortality and marine biogeochemical cycles (Clerissi et al., 2015) . The abundance of green alga in the Ofunato Bay was substantially high at the time of sampling (Supplementary Table   S3 ), and we observed a positive correlation between Prasinovirus abundance and green alga (data not shown). In the WGS library, a small number of unclassified Myoviridae, Podoviridae and Siphoviridae were detected that infect bacteria and Archaea, including highly abundant Synechococcus in the Ofunato Bay (Lavigne et al., 2009; Ghai et al., 2012; Kleppen et al., 2012; Bebeacua et al. 2013) .
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Conclusions
In the present study, we obtained genus-level taxonomic profiles of the free-living microbial community in the Ofunato Bay using a WGS approach. As expected, Proteobacteria (Alpha, Beta and Gamma) were the most abundant phyla in the Ofunato Bay, followed by were found in seawater samples of the Ofunato Bay in this study; these results are surprising because the habitats of these microbes are typically terrestrial areas rather than marine areas.
We also found various bacterial DNAs that are symbiotic, parasitic and/or pathogenic to humans, animals, plants and insects in terrestrial areas. It is conceivable that these microbes drifted down the river to the Ofunato Bay directly or indirectly. It appears that the high detection frequency of these microbes is due to the enclosed character of the Ofunato Bay. It is not clear if they are still alive in seawater, but the presence of their DNA in seawater contributes to the biodiversity of DNA resources in the Ofunato Bay.
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